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BACKGROUND: Nitrate is a widespread groundwater contaminant and a leading cause of drinking water quality violations in California. Associations
between nitrate exposure and select adverse birth outcomes have been suggested, but few studies have examined gestational exposures to nitrate and
risk of preterm birth (before 37 wk gestation).

OBJECTIVE: We investigated the association between elevated nitrate in drinking water and spontaneous preterm birth through a within-mother retro-
spective cohort study of births in California.

METHODS: We acquired over 6 million birth certificate records linked with Office of Statewide Health Planning and Development hospital discharge
data for California births from 2000-2011. We used public water system monitoring records to estimate nitrate concentrations in drinking water for
each woman’s residence during gestation. After exclusions, we constructed a sample of 1,443,318 consecutive sibling births in order to conduct a
within-mother analysis. We used separate conditional logistic regression models to estimate the odds of preterm birth at 20-31 and 32-36 wk, respec-
tively, among women whose nitrate exposure changed between consecutive pregnancies.

RESULTS: Spontaneous preterm birth at 20-31 wk was increased in association with tap water nitrate concentrations during pregnancy of 5 to
<10 mg/L [odds ratio (OR)=1.47; 95% confidence interval (CI): 1.29, 1.67] and >10 mg/L (OR=2.52; 95% CI: 1.49, 4.26) compared with
<5 mg/L (as nitrogen). Corresponding estimates for spontaneous preterm birth at 32-36 wk were positive but close to the null for 5 to <10 mg/L
nitrate (OR =1.08; 95% CT: 1.02, 1.15) and for >10 mg/L nitrate (OR =1.05; 95% CI: 0.85, 1.31) vs. <5 mg/L nitrate. Our findings were similar in
several secondary and sensitivity analyses, including in a conventional individual-level design.

Discussion: The results suggest that nitrate in drinking water is associated with increased odds of spontaneous preterm birth. Notably, we estimated
modestly increased odds associated with tap water nitrate concentrations of 5 to <10 mg/L (below the federal drinking water standard of 10 mg/L)

relative to <5 mg/L. https://doi.org/10.1289/EHP8205

Introduction

Preterm birth (delivery before 37 wk gestation) is the primary con-
tributor to perinatal morbidity and mortality in the United States,
affecting nearly 12% of births (Goldenberg et al. 2008). Preterm
infants are at greater risk of adverse health outcomes even in child-
hood and later life (Saigal and Doyle 2008). The etiologies of spe-
cifically spontaneously occurring preterm birth are largely
unknown, though several environmental contaminants have been
suggested as risk factors (Wigle et al. 2008). The potential associa-
tion between drinking water contaminants and preterm birth
remains unclear—particularly at concentrations at or below regula-
tory limits (Ferguson et al. 2013; Bove et al. 2002).

Nitrate (NO?) is among the most common groundwater con-
taminants globally, largely because of widespread use of syn-
thetic fertilizers and manure application in agricultural regions
(Spalding and Exner 1993). Prior studies suggest associations
between gestational exposure to nitrate and adverse birth out-
comes, including birth defects (Croen et al. 2001; Brender et al.
2013; Blaisdell et al. 2019) and intrauterine growth restriction
(Migeot et al. 2013; Stayner et al. 2017; Coffman et al. 2021).
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Nitrate exposure can also cause hypoxia and cyanosis in infants
(blue baby syndrome) because of oxidation of hemoglobin to
methemoglobin. Fetal hemoglobin is particularly susceptible to
oxidation, and elevated cord blood methemoglobin levels have
been found in women exposed to nitrate during pregnancy
(Tabacova et al. 1998; NRC 1981).

Oxidative stress in pregnancy is one of the posited mecha-
nisms for spontaneous preterm birth (Tarquini et al. 2018; Aung
et al. 2019). Despite its prooxidant properties, very few studies
have investigated links between gestational nitrate exposure and
preterm birth. Those that have been conducted have yielded
inconclusive results and been limited by unmeasured confound-
ing, possible misclassification bias, and small sample sizes (Ward
et al. 2018; Manassaram et al. 2006).

We aimed to investigate the potential association between ele-
vated nitrate in drinking water and spontaneous preterm birth through
a within-mother analysis of over 1 million singleton live births in
California from 2000-2011. By comparing outcomes between sib-
lings with different gestational exposure to nitrate, we control for
maternal structural genetic factors and many behavioral and socioeco-
nomic sources of confounding that have arisen in prior studies.

Methods
Study Population

We used data on all California singleton live births delivered at
nonmilitary hospitals from 1 January 2000 through 31 December
2011, representing 6,267,905 births. This data set includes around
98% of births delivered in the state during the study period.
Maternal residential addresses at the time of birth were extracted
from birth certificates and geocoded using the California
Environmental Health Tracking Program Geocoding Service, as
described in Shaw et al. (2018a). Geocoding was successful in
95% of births to the street level and an additional 4% to the zip
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code level. From this population, we included singleton births
with birth weights of 500 — 5,000 g and gestational ages 2041
wk; births below these cutoffs have low rates of survival and
potentially distinct etiologies (Salihu et al. 2013). We then linked
birth certificate data with maternal and infant hospital discharge
data from the Office of Statewide Health and Planning and
Development (OSHPD) (>99% successful linkages). Maternal
covariates included age, parity, education, race/ethnicity, highest
educational attainment, payer type for delivery, and whether pre-
natal care was initiated by the fifth month of pregnancy. Unique
maternal IDs were identified from maternal social security num-
bers in the linked OSHPD database.

We aimed to investigate the effect of nitrate on spontaneous
preterm birth, rather than indicated birth or preterm birth medi-
ated by comorbidities that may have different etiologies.
Pregnancies resulting in spontaneous preterm birth were defined
as those with preterm premature rupture of membranes, prema-
ture labor, or those in which tocolytic medications were adminis-
tered, based on hospital discharge records or birth certificate
codes. We excluded pregnancies resulting in medically indicated
birth, defined as those with a code for medical induction or artifi-
cial rupture of membranes or for which there was cesarean deliv-
ery. We further excluded births accompanied by pregestational
diabetes, gestational diabetes, gestational hypertension, chronic
hypertension, and preeclampsia/eclampsia (except for births
occurring at 20 to 23 wk of gestation). Spontaneous preterm birth
was subclassified as 20-31 or 32-36 wk of gestation because of

All California live singleton births, 2000-
2011

the suspected differences in etiology between early and near-term
preterm births (Menon 2008).

The above criteria resulted in 4,698,830 eligible births in the
study population. The study population was further refined to per-
form a within-mother analysis as described below and in Figure 1.

This study was approved by the Stanford University
Institutional Review Board (IRB) and the California State
Committee for the Protection of Human Subjects. The data
employed in this study were made available by California
OSHPD and Vital Records. The use of such data is possible to
researchers who apply for their use and follow all procedures for
their use as stipulated by IRB protocols, including stringent
measures to ensure participant confidentiality and privacy. This
use does not require further contact with human subjects.

Exposure Assessment

Our goal was to estimate the average concentration of nitrate in
public tap water served to each woman during her pregnancy. The
steps involved in this process included a) linking births to commu-
nity water systems based on maternal residential addresses at time
of birth; b) preparing community water system monitoring data;
and c¢) averaging appropriate monitoring data to estimate tap water
nitrate concentrations during pregnancy for each birth.

Linking births to community water systems. We first deter-
mined the water utility serving each woman’s geocoded residence
at time of birth using the Water Boundary Tool (Tracking

(n = 6,253,940)

Excluded (n = 1,555,110)

Unsuccessfully geocoded: 32,382
Maternal residence outside CA: 40,398
Invalid gestational age or birth weight: 502,318
Missing maternal ICD9 diagnoses

and procedure codes: 127,791
Non-spontaneous preterm birth or

preterm birth with complications: 852,221

Study population
(n =4,698,830)

Unassigned to public water system
(n=213,173)

Unassigned nitrate exposure
(n =324,659)

Y

Individual-level sample
(n=4,160,998)

Excluded (n = 2,717,680)

Non-sibling births: 2,556,698
Interpregnancy interval < 36 days 2,522
Non-consecutive siblings: 158,460

Sibling sample
(n=1,443,318)

Figure 1. Inclusion and exclusion criteria for the study population, sample for conventional individual-level analysis, and sibling sample for within-mother

analysis.
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California Public Health Institute 2019), which maps the service
areas of 2,644 community water systems serving around 90% of
Californians (Figure S1). Community water systems are defined
as public water utilities serving >25 residents year-round or with
>15 connections. We excluded wholesaler systems (those that
sell to other systems but do not directly serve consumers) based
on federal fee codes (SWRCB 2018).

Out of the 4,698,830 births in the study population, 93% had
maternal residences within a community water system boundary.
An additional 3% of births were linked to community water sys-
tems within 0.5 km of the maternal residence to account for
potential imprecision in geocoded residences and system bound-
ary mapping. In some cases, the boundaries of large water sys-
tems encompass smaller systems that may purchase water for
delivery to consumers. We therefore linked births that were
located within more than one community water system to the
smaller water system, which was assumed to be the direct sup-
plier; if the overlapping water systems had the same area, the
birth was linked to the water system with the larger population
served. We excluded 213,173 births that remained unassigned,
likely representing regions reliant on private wells or community
water systems with service areas that are unmapped or have
changed over time. Excluded births were more likely to have
non-Hispanic white maternal race/ethnicity, pay for delivery with
private insurance, and reside in the San Francisco Bay Area and
San Joaquin Valley (Table S1).

Preparing community water system monitoring data. We
acquired historical public monitoring records (1998-2012) from
statewide community water systems from the State Water
Resources Control Board (2019). Community water systems are
required to monitor for nitrate quarterly or annually, depending
on the type of water source and compliance history (Monitoring
and Compliance—Nitrate and Nitrite. 22 CCR §64432.1). Water
systems typically collect monitoring samples from sources in the
supply system (i.e., groundwater wells, surface water intakes, and
treatment plants) rather than from tap water served to consumers.
We excluded samples from monitoring wells and agricultural
supply sources, nondetect samples with reporting limit (RL)
greater than half the maximum contaminant level for nitrate, and
outliers (>444 mg/L as nitrogen). Replicate samples from the
same source on a given day were averaged. Approximately 10%
of samples used in this study were below detection limits;
because of the low number of nondetect samples, these results
were interpolated at half the provided RL (Lubin et al. 2004). If
no RL was provided, the result was interpolated at half the most
common RL (0.4 mg/L as nitrogen).

Averaging appropriate monitoring data. For each birth, we
identified nitrate monitoring data collected from the public water
system linked to the maternal residence during the pregnancy ex-
posure window. This window was defined as between the dates
of conception and birth if monitoring data were available. If no
data were available during this exposure window, we identified
monitoring data collected from 15 months before conception to
12 months after the date of birth.

To estimate tap water nitrate concentrations, we used sam-
pling data from the most proximal source(s) to the distribution
system (point-of-entry sources). Our goal was to exclude data
from any sources that were later treated or blended, using data
only from sources that flowed directly into the distribution sys-
tem, such as treatment plants or raw sources that are not treated
for nitrate prior to distribution. This approach, based on method-
ologies of Balazs et al. (2011) and Balazs et al. (2019), relies on
flow path data accessed upon request from the Division of
Drinking Water on 11 August 2020. These data describe the raw
sources that flow into associated receiving sources, such as
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treatment facilities. After identifying all samples collected during
the exposure window for each birth, we excluded any source that
flowed into another source with available data. Data on the rela-
tive flow contributions of sources were not available; we there-
fore averaged nitrate concentrations from each point-of-entry
source to estimate tap water concentrations in the distribution
system during the exposure window.

Exposure assessment was successful for 93% of births linked
to community water systems; 324,659 births without assigned ni-
trate exposure were excluded. These births were more likely to
have higher maternal age, Asian and non-Hispanic white mater-
nal race/ethnicity, and private insurance relative to the study pop-
ulation and were more likely to reside in the San Francisco Bay
Area or Inland Empire (Table S1).

Births were assigned the following exposure categories based
on estimated nitrate concentrations: low (<5 mg/L), medium
(=5 mg/L and <10 mg/L), or high (=10 mg/L). Nitrate con-
centrations throughout the article are given in units of nitrate
nitrogen. The high exposure cutoff was selected to correspond to
the U.S. federal maximum contaminant level (MCL) for nitrate in
drinking water (10 mg/L as nitrogen, or 45 mg/L as nitrate).
The medium exposure category was selected to correspond to
half the MCL (5 mg/L as nitrogen).

Analytical Approach

We leveraged the occurrence of sibling births within our longitu-
dinal data set to conduct a within-mother analysis. We aimed to
evaluate preterm birth risk in women who experienced different
nitrate exposure between pregnancies. By isolating within-
mother effects, this design controls for factors that remain con-
stant between pregnancies (including maternal genetic predispo-
sition) or are largely time invariant (including socioeconomic
status and many health behaviors).

The sample for the within-mother analysis was consecutive
siblings with successful nitrate exposure assessment. To achieve
this sample, we first excluded all nonsibling births from the anal-
ysis (n=2,556,698). Siblings of any parity were included; how-
ever, we included only consecutive siblings to reduce the average
temporal separation between sibling births and allow estimation
of interpregnancy intervals (IPIs), defined as the period between
birth and subsequent conception. In order to retain consecutive
sibling sets, we excluded 157,460 births without consecutive par-
ity (that is, with one or more unobserved births between siblings).
Births following an IPI of less than 36 d were considered biologi-
cally implausible and excluded (Shachar et al. 2016). The above
criteria resulted in a sample of 1,443,318 sibling births. Women
whose nitrate exposure category changed between pregnancies
were discordant in exposure; those who remain in the same cate-
gory were concordant.

Our statistical approach relied on conditional logistic regres-
sion with the outcome of log odds of preterm birth relative to term
birth; separate models were conducted for early preterm birth (20—
31 wk of gestation) and near-term birth (32-36 wk). Each model
excluded siblings with spontaneous preterm birth outside the gesta-
tional range of interest. A small number of sibling sets (<0.2%)
contained both early and near-term preterm births and were there-
fore unmatched. Conditional logistic regression estimates a likeli-
hood function conditional on mother ID, effectively stratifying the
analysis by sibling sets. Thus, only exposure-discordant sibling
sets contribute to effect estimates for nitrate exposure. The expo-
sure of interest was the category (i.e., low, medium, or high) of ni-
trate in tap water during pregnancy, with low exposure as the
reference group. Models were additionally adjusted for the follow-
ing characteristics of each birth: maternal age as a five-level cate-
gorical variable (<20, 20-24, 25-29, 30-34, or >35 y), maternal

129(5) May 2021



parity as a three-level categorical variable (1, 2, or >3), and an indi-
cator variable for IPI less than 1 y. This indicator variable was
modeled as O for IPI greater than 1 y, first-parity births, and births
with unobserved prior parity (i.e., consecutive sibling sets where
the first observed parity was greater than 1). A very small number
of births (n =7) with missing data on maternal age were excluded.
We did not adjust for maternal education level, which functions
instead as a proxy for socioeconomic status and is not expected to
change between pregnancies except as a function of maternal age.
Analyses were conducted in R (version 3.5.3; R Development
Core Team) using the Survival package.

We performed various secondary analyses to account for limi-
tations of the within-mother design and analysis and to enable
comparison between our findings and prior studies using conven-
tional statistical techniques.

First, the within-mother analysis relies on exposure-discordant
sibling sets, which reduces sample size and generalizability.
Categorization of the exposure variable also can introduce nondif-
ferential misclassification of exposure (Brenner and Loomis
1994). To address this limitation, we performed a secondary analy-
sis in which nitrate was modeled as a continuous variable among
the full sibling sample.

Second, maternal mobility between pregnancies could intro-
duce bias into the within-mother analysis. For example, if a
woman moves to an area with poor water quality between preg-
nancies, her change in nitrate exposure may be accompanied by
other changes in quality of life. Women may also move in
response to poor water quality. In both cases, mobility is tied to
socioeconomic and demographic characteristics. In an ideal target
trial, mothers would remain in the same water system for all
births. We therefore performed a subanalysis among 1,032,961
sibling births to 478,761 women who were assigned to the same
water system for multiple births, suggesting that women did not
move or moved only a short distance between pregnancies.

We also performed a secondary individual-level case—control
analysis to allow comparison between the within-mother approach
and prior studies. This design estimates the effect of nitrate on
preterm birth based on between-mother, rather than within-
mother, variation. Thus, it also has the advantage of mitigating
potential bias from factors that have higher within- than between-
mother variance, such as maternal age and parity. The sample for
this analysis was the individual-level population described in
Figure 1. We used mixed-effects logistic regression to evaluate
the log odds of preterm birth as a function of nitrate exposure cat-
egory, fitting models separate models for early preterm birth
(20-31 wk of gestation, excluding later preterm births) and near-
term birth (32-36 wk, excluding earlier preterm births). These
models incorporated a random intercept for mother ID and water
system ID to account for the nonindependence of siblings and
births assigned to the same water system. Model covariates
included parity and maternal age (as defined above), health care
payer for delivery, maternal race/ethnicity, maternal educational
attainment (as categorical variables defined in Table 1), and pre-
natal care initiation by the fifth month of gestation (as a binary
indicator variable). Births with missing covariate data were
excluded from the analysis. Analytic code is available at https://
github.com/arsherris/nitrate-and-preterm-birth.

Sensitivity Analyses

To explore the internal validity of the exposure assessment, we
created a metric of the uncertainty in our estimate of gestational
nitrate concentrations. The estimates with higher expected uncer-
tainty were those with samples unavailable during the period of
gestation or where the water system had <4 sources (indicating a
data-sparse supply network) or >50sources (indicating a very
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complex supply network). We then stratified births by level of ex-
posure uncertainty and repeated the primary analysis within each
stratum.

To evaluate the sensitivity of the findings to model specifica-
tions and assumptions, we compared the results of the unadjusted
and adjusted conditional logistic regression models, as well as
models additionally adjusted for birth year, month of conception,
and county of maternal residence. We also generated boot-
strapped standard errors for the primary adjusted model by sam-
pling sibling sets with replacement and evaluating the 95th
percentile of the distribution of the resulting estimates. This non-
parametric approach does not assume normality of the input vari-
ables or symmetrical confidence intervals (CIs).

To investigate potential effect modification, we stratified the
analysis on the following factors: maternal race, maternal educa-
tional attainment, parity, infant sex, region, and time period
(2000-2006 or 2007-2011). Regions were defined as per the
State Water Resource Control Board regional district manage-
ment areas (Figure S1) in order to investigate potential effect
modification because of changes in water system characteristics
and management. Time periods were selected to explore effect
modification because of a change in the methodology used to
estimate gestational age: prior to 2007, gestational age was esti-
mated based on the last menstrual period; during later years, the
approach switched to best obstetric estimate. Parity was stratified
into three categories: 1, 2, and >3. The stratified analysis on the
subset of first-parity births also allows us to investigate the poten-
tial influence of time-dependent confounding, which could be
introduced if the outcome of a birth impacts exposure in subse-
quent pregnancies—for example, if a preterm birth causes a
woman to later avoid drinking tap water.

To investigate effect modification by maternal race/ethnicity
and education, we stratified on the sibling sample and repeated
the primary analysis within each stratum. Because the remaining
covariates were not constant between siblings, we stratified on
the individual-level population and applied mixed-effects logistic
regression models as described above. To statistically evaluate
the presence of effect modification, we conducted a likelihood ra-
tio test comparing models with and without interaction terms for
the variable of interest.

Finally, it is possible that certain comorbidities may mediate
the relationship between nitrate exposure and spontaneous pre-
term birth. We therefore repeated the within-mother analysis
after including an additional 276,053 consecutive sibling
births with comorbid conditions in the sample (for a total of
1,719,371 siblings) in order to investigate this alternative causal
pathway.

Results

The study population mothers were predominantly Hispanic or
non-Hispanic white and with more than high school education
(Table 1). Most women initiated prenatal care by the fifth month
of gestation and paid for delivery with private insurance.
Demographic trends were similar among births with assigned ex-
posure (the individual-level sample). Births in the sibling sample
were more likely to have non-Hispanic white maternal race/eth-
nicity, higher maternal education, and private insurance. The sib-
ling sample also overrepresented second-parity births.

Of the 1,443,318 births in the sibling sample, 4.0% met the
definition of spontaneous preterm birth; 0.6% were delivered at
20-31 wk of gestation and 3.4% at 32-36 wk of gestation (Table
2). Approximately 11% of the target study population was in the
medium nitrate exposure category (5 to <10 mg/L as nitrate),
and 0.6% was in the high exposure category (at or above the regu-
latory limit of 10 mg/L as nitrate). The percentage of exposed
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Table 1. Characteristics of the study population, individual-level samples, and sibling samples for within-mother design.

Sibling sample

Study population  Individual-level sample All siblings Siblings in exposure-concordant Siblings in exposure-discordant

Characteristic (n=4,698,830) (n=4,160,998) (n=1,443,318) sets (n=1,254,754) sets (n=188,564)
Number of mothers 3,641,407 3,274,933 652,926 571,880 81,046
Maternal age (y)
<20 9.7 10 8.7 8.5 9.6
20-24 23 24 24 24 27
25-29 27 27 28 28 30
30-34 24 24 25 25 23
>35 16 15 14 14 11
Missing 0.0043 0.0043 0.0026 0.0024 0.0037
Maternal race/ethnicity
Hispanic 50 52 42 41 48
Non-Hispanic white 29 27 35 36 31
Asian 12 12 13 13 12
Non-Hispanic black 5.6 59 6.8 6.9 59
Other 22 2.1 2.0 2.0 1.8
Missing 1.3 1.1 12 1.2 0.96
Maternal education
Less than high school 27 28 18 17 19
High school 27 27 28 28 30
More than high school 44 43 52 52 49
Missing 2.6 2.4 2.1 2.1 1.8
Payer type for delivery
Medi-Cal 46 48 37 37 41
Private 50 48 59 59 56
Other 2.0 1.8 1.1 1.1 1.1
Uninsured 2.0 2.1 2.5 2.5 2.3
Missing 0.18 0.18 0.17 0.15 0.25

Prenatal care initiated by
fifth month of gestation

Yes 94 94 95 95 95
No 4.6 4.6 39 3.8 4.3
Missing 1.2 1.2 1.1 1.1 1.1
Parity
1 39 39 31 31 29
2 32 32 40 40 38
3+ 28 29 29 29 33
Interpregnancy interval
<ly N/A N/A 12 12 13
>ly N/A N/A 43 43 45
Unknown or first parity N/A N/A 45 45 42
Female infant sex 51 51 51 51 51
Birth year
2000 7.8 7.7 5.9 5.8 6.3
2001 7.1 7.6 6.1 6.1 6.5
2002 7.1 7.6 72 7.1 7.7
2003 7.9 7.8 8.2 8.2 8.3
2004 7.9 7.8 8.8 8.7 9.0
2005 8.2 8.2 9.5 9.5 9.1
2006 8.5 8.5 9.9 9.9 9.8
2007 9.4 9.5 11 11 10
2008 9.3 9.3 10 10 9.9
2009 8.8 8.9 9.0 9.0 8.8
2010 8.5 8.6 7.6 7.6 7.4
2011 8.3 8.4 72 7.3 6.9
Month of conception
January 9.0 9.0 8.9 9.0 8.6
February 7.6 7.6 7.5 7.5 7.1
March 8.6 8.6 8.4 8.4 8.4
April 7.9 7.9 7.1 7.1 79
May 8.3 83 8.2 8.2 8.2
June 8.0 79 8.0 8.0 79
July 8.2 8.2 8.3 8.4 8.3
August 8.2 8.1 8.3 8.3 8.6
September 8.1 8.1 8.3 8.2 8.6
October 8.6 8.6 8.7 8.7 8.9
November 8.6 8.6 8.6 8.6 8.7
December 9.1 9.1 9.1 9.1 8.7
Region
Northern California 7.8 7.7 9.4 10 2.8
San Francisco Bay Area 20 18 17 18 13
San Joaquin Valley 12 12 14 14 17
South Coast 32 34 31 31 31
Inland Empire 28 27 28 26 36

Note: Values are given as percent unless otherwise noted. Percentages may not equal 100 because of rounding.
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Table 2. Nitrate exposure and gestational age categories in the analytic samples.

Nitrate exposure category

Gestational age of spontaneous preterm birth Low (<5 mg/L) Medium (5 to <10 mg/L) High (>10 mg/L) Total
Individual-level sample (n =4,160,998)
20-31 wk 27,008 3,886 196 31,090
32-36 wk 129,222 16,013 824 146,059
37-40 wk 3,540,140 420,674 23,035 3,983,849
Sibling sample (n=1,443,318)
20-31 wk 7,789 1,199 64 9,052
32-36 wk 43,303 5,515 272 49,090
37-40 wk 1,226,196 150,628 8,352 1,385,176
Concordant sibling sets (n =1,254,754)
20-31 wk 7,191 484 14 7,689
32-36 wk 40,001 2,422 76 42,499
37-40 wk 1,134,150 68,020 2,396 1,204,566
Discordant sibling sets (n = 188,564)
20-31 wk 598 715 50 1,363
32-36 wk 3,302 3,093 196 6,591
37-40 wk 92,046 82,608 5,956 180,610

Note: Sibling sample includes consecutive sibling births identified between 2000-2011. Concordant sibling sets are those for which all siblings were assigned to the same exposure cat-
egory. Discordant sibling sets are those for which the exposure category differed for at least one sibling.

births varied by region; the San Joaquin Valley and Inland
Empire had the highest prevalence of births in the medium and
high categories, while Northern California and the San Francisco
Bay Area had the lowest prevalence (Table S2). Exposed births
had a higher percentage of Hispanic maternal ethnicity and lower
percentage of non-Hispanic black and Asian maternal race rela-
tive to births with low exposure (Table S3). Fifty-three percent of
births with high nitrate exposure were to Hispanic women, rela-
tive to only 41% of births with low exposure.

Within the sibling sample, 13% of sibling sets were discordant
in nitrate exposure—that is, the mother’s exposure changed dur-
ing at least one pregnancy. As suggested by the demographic
trends in exposure, Hispanic mothers were overrepresented
among discordant sibling sets (Table 1).

Overall, 30% of observed IPIs involved a change in community
water system (suggesting the mother moved between pregnancies).
The rate of mobility was higher (55%) for intervals between

consecutive siblings discordant in exposure. This suggests that just
over half of maternal changes in nitrate exposure between pregnan-
cies are accompanied by residential movement, while the remain-
der are because of changes in water quality within a given water
system. There were 1,032,961 births in the subsample of births
for which all siblings were assigned to the same water system.
Of these, 88,618 belonged to sibling sets that were discordant in
exposure.

We leveraged the presence of exposure-discordant sibling
sets to evaluate the within-mother associations between nitrate
exposure and preterm birth. In the full sibling sample, we esti-
mated an elevated adjusted odds of early preterm birth (20-31
wk of gestation) associated with tap water nitrate concentrations
during pregnancy (Table 3, “Within-mother analysis: all sib-
lings”). The odds ratio (OR) for high exposure was 2.52 (95% CI:
1.49, 4.26) relative to low exposure, and for medium exposure, it
was 1.47 (95% CI: 1.29, 1.67) relative to low exposure. We also

Table 3. Adjusted odds ratios (ORs) and 95% Wald confidence intervals (CIs) of preterm birth associated with gestational exposure to nitrate in tap water.

20-31 wk 32-36 wk
Exposure category Term (n) Preterm (n) Adjusted OR (95% CI) Preterm (n) Adjusted OR (95% CI)
Within-mother analysis: all siblings
Categorical
Low (<5.0 mg/L) 92,042 598 Ref 3,302 Ref
Medium (5 to <10 mg/L) 82,607 714 1.47 (1.29, 1.67) 3,093 1.08 (1.02, 1.15)
High (>10 mg/L) 5,955 50 2.52 (1.49, 4.26) 196 1.05 (0.85, 1.31)
Continuous
Per mg/L 1,385,142 9,050 1.015 (1.008, 1.021) 49,089 1.003 (1.001, 1.006)
Within-mother analysis: siblings
without maternal movement
Categorical
Low (<5.0 mg/L) 41,512 268 Ref 1,485 Ref
Medium (5 to <10 mg/L) 40,615 387 1.64 (1.37, 1.97) 1,563 1.15 (1.06, 1.25)
High (>10 mg/L) 2,677 20 2.04 (0.83,5.01) 87 1.10 (0.79, 1.54)
Continuous
Per mg/L 991,832 6,337 1.031 (1.021, 1.042) 34,765 1.007 (1.003, 1.011)
Individual-level analysis
Categorical
Low (<5.0 mg/L) 3,404,894 25,359 Ref 123,240 Ref
Medium (5 to <10 mg/L) 404,732 3,669 1.49 (1.42, 1.56) 15,277 1.12 (1.09, 1.14)
High (=10 mg/L) 22,464 179 1.34 (1.12, 1.60) 787 1.07 (0.97, 1.17)
Continuous
Per mg/L 3,832,090 29,207 1.011 (1.009, 1.013) 139,304 1.003 (1.002, 1.004)

Note: Within-mother analyses were performed among matched consecutive siblings using conditional logistic regression analysis adjusted for maternal age, parity, and interpregnancy
interval (IPT) less than 1 y (within mother-specific strata). The individual-level case control analysis used mixed-effects logistic regression adjusted for maternal age, parity, education,
race, payer for delivery, and prenatal care initiation, with random intercepts for water system IDs. Ref, reference group for estimates.
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estimated modestly increased odds of near-term preterm birth
(32-36 wk of gestation) with medium nitrate exposure
(OR=1.08; 95% CI. 1.02, 1.15) relative to low exposure.
Although the association between high nitrate exposure and near-
term preterm birth was also moderately elevated relative to low
exposure, the OR did not reach statistical significance
(OR=1.05; 95% CI: 0.85, 1.31). The findings were largely
unchanged in unadjusted models or models additionally adjusted
for birth year, month of conception, and region of residence, and
CIs generated through bootstrapping were slightly wider than
Wald estimates, but the statistical significance and interpretation
of the results remain unchanged (Table S4).

Secondary analyses using continuous measures of exposure
suggested a modest but significant association between a linear
increase in nitrate concentration and preterm birth at 20-31 wk,
with an approximately 1.5% increase in odds with each mg/L
increase in nitrate (OR=1.015; 95% CI: 1.008, 1.021). There
was a weaker linear association between nitrate and preterm birth
at 32-36 wk (OR =1.003; 95% CI: 1.001, 1.006).

Results were similar within the subsample of women who
stayed in the same community water system for all pregnancies,
with 95% ClIs overlapping estimates from the full sibling sample
(Table 3, “Within-mother analysis: siblings without maternal
movement”). However, estimated associations between nitrate
exposure and preterm birth were generally elevated relative to the
results for the full sibling sample, with the exception of the asso-
ciation between high exposure and early preterm birth, which
was attenuated. The linear association between nitrate and spon-
taneous preterm birth in both gestational age categories was
approximately doubled among siblings in the absence of maternal
movement.

Estimated odds of preterm birth were generally similar in the
conventional individual-level analysis relative to within-mother
analysis, with overlapping 95% Cls (Table 3, “Individual-level
analysis”). However, there was a smaller estimated association
between high nitrate exposure and early preterm birth in the
individual-level analysis (OR =1.37; 95% CI: 1.14, 1.65) relative
to the within-mother analysis (OR =2.52; 95% CI: 1.49, 4.26).

We did not find evidence of effect modification by maternal
race/ethnicity in the sibling sample for preterm birth at 20-31 wk
(Table S5). Although the p-value for the interaction between ex-
posure and maternal race/ethnicity was statistically significant
(p=0.01) for preterm birth at 32-36 wk, the low power of strati-
fied analyses makes it difficult to draw meaningful inferences
related to the direction of effect modification.

Stratification by confidence in the exposure assessment yielded
similar results relative to the individual-level analysis, though esti-
mates of the association between medium nitrate exposure and
early preterm birth were stronger among the births with higher
uncertainty in exposure assessment (OR =1.80; 95% CI: 1.65,
1.98) than for births with less uncertainty (OR =1.54; 95% CI:
1.44, 1.65). (Table S6). The stratified results and interaction p-val-
ues do not suggest effect modification by infant sex, time period, or
parity (Table S6). Although the estimates for first-parity births
(which are not affected by time-dependent confounding) are uni-
formly lower than the estimates for the full individual-level sam-
ple, the differences were small, and the 95% Cls overlap.

Effect estimates differed by region with evidence of potential
effect modification (Table S6). In general, associations between
nitrate exposure and spontaneous preterm birth were elevated for
births in the San Joaquin Valley and Inland Empire and attenu-
ated in other regions, particularly the San Francisco Bay Area
and South Coast.

ORs remained elevated when siblings with maternal comor-
bidities were included in the within-mother analysis (Table S7).
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The association between high nitrate exposure and early preterm
birth was moderately attenuated (OR =2.03; 95% CI: 1.30, 3.16),
and the association between high nitrate exposure and near-term
preterm birth was elevated but remained imprecise (OR=1.16;
95% CI: 0.97, 1.40).

Discussion

Our study identified an association between elevated nitrate con-
centrations in tap water and increased odds of spontaneous pre-
term birth. The strongest association was between nitrate
concentrations above 10 mg/L (present in 0.6% of the study pop-
ulation) and preterm birth at 20-31 wk of gestation relative to
concentrations below 5 mg/L. Preterm birth at 20-31 wk was
also associated with nitrate concentrations between 5 and
10 mg/L (present in 11% of the study population) relative to con-
centrations below 5 mg/L. Associations were weaker between
nitrate in tap water and near-term preterm birth (32-36 wk of ges-
tation), and they only reached statistical significance for nitrate
exposure between 5 and 10 mg/L, relative to concentrations less
than 5 mg/L. These associations were observed in within-mother
and conventional individual-level analyses, were robust to model
assumptions, and were not substantially modified by most
observed covariates.

Nitrate is among the most common groundwater contami-
nants worldwide. The use of synthetic fertilizer, while contribut-
ing greatly to global food supply, has been the primary driver of
increased nitrogen concentrations in the environment (Vitousek
et al. 1997). In California, nitrogen inputs to groundwater have
increased dramatically in the past century because of fertilizer
application, concentrated animal feeding operations, wastewater
effluent, and urban runoft (Rosenstock et al. 2014). Nitrate is also
a naturally occurring nutrient in soils and is present in U.S. aqui-
fers at a background level of around 1 mg/L (Dubrovsky et al.
2010). The current U.S. federal maximum contaminant level for
nitrate in drinking water is 10 mg/L (as nitrogen); this limit was
established to protect against methemoglobinemia in infants, or
blue baby syndrome, the most widely recognized health conse-
quence of nitrate exposure (Walton 1951).

Like infants, the developing fetus may be at risk of methemo-
globin production because of nitrate exposure. Fetal hemoglobin
is more susceptible to oxidation by nitrite (generated from nitrate
ingestion) than adult hemoglobin, and levels of methemoglobin-
reducing enzymes are low in the fetal and infant red blood cells
(NRC 1981). Animal studies suggest that nitrate/nitrite can tra-
verse the placenta, though placental transfer of nitrate in humans
is not well understood (Fan et al. 1987). Tabacova et al. (1998)
identified elevated cord blood methemoglobin levels and a higher
prevalence of preterm birth among a small sample of women
exposed to nitrate during pregnancy. Apoptosis (cell death)
induced by hypoxia and oxidative stress has been found to confer
risk of spontaneous preterm birth (Tarquini et al. 2018). Thus, the
prooxidant properties of nitrate are a potential mechanistic expla-
nation for the observed association between nitrate and spontane-
ous preterm birth. Other hypotheses related to the reproductive
health effects of nitrate involve N-nitroso compound formation
and thyroid and endocrine disruption (Ward et al. 2018; Poulsen
et al. 2018).

Although exposures to higher levels of nitrate have been
linked to some adverse birth outcomes (Ward et al. 2018;
Manassaram et al. 2006), the epidemiologic literature on
population-based exposure to low levels of nitrate in drinking
water and preterm birth is sparse. Definitions of exposure and
preterm birth differed among the few available studies, making it
difficult to contrast results with those of the current study.
Bukowski et al. (2001) found a significant dose-response
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relationship between median nitrate concentrations in ground-
water and preterm birth in a case—control study of 336 preterm
births in Prince Edward Island; births in regions with median
groundwater nitrate concentrations of 3.1, 4.3, and 5.5 mg/L had
increased odds of preterm birth relative to births in regions with
median nitrate of <1.3 mg/L. Stayner et al. (2017) identified a
linear association between county-wide nitrate in tap water and
early preterm birth (<32 wk gestation) in four U.S. states, but
only in counties with low domestic well use. The authors did not
identify an association between overall preterm birth (<37 wk)
and county-wide nitrate. A retrospective cohort study of over
13,000 women in France did not identify an association between
nitrate concentrations of 3.6-6.0 mg/L or >6 mg/L in commu-
nity water systems and preterm birth relative to concentrations
below 3.6 mg/L (Albouy-Llaty et al. 2016).

Our study builds on this limited prior literature to add addi-
tional evidence for an association between nitrate in drinking
water and spontaneous preterm birth. In both within-mother and
individual-level analyses, we observed elevated and significant
associations between nitrate exposure and spontaneous preterm
birth. Like Stayner et al. (2017), we identified stronger associa-
tions between nitrate exposure and early preterm birth (20-31 wk
gestation) relative to later gestational age classifications. In
within-mother analyses, associations with early preterm birth
were stronger for high exposure relative to medium; in the
individual-level analysis, we identified stronger associations for
medium exposure and both categories of preterm birth.
Statistically significant linear associations were also identified for
both outcomes. Additional research on this topic would clarify
the shape of the exposure-response relationship between nitrate
and preterm birth at different gestational ages.

The estimated associations between nitrate and preterm birth
were not substantially modified by maternal or infant characteris-
tics. However, sensitivity analyses suggest potential effect modi-
fication by region (defined by State Water Resources Control
Board district management areas). Although statistical precision
is limited in stratified analyses, effect estimates were generally
highest in the San Joaquin Valley and Inland Empire. Notably,
the San Joaquin Valley and Inland Empire are the regions with
the highest prevalence of nitrate exposure, and the San Joaquin
Valley is characterized by high reliance on groundwater for
drinking water. Effect estimates were attenuated in the San
Francisco Bay Area and South Coast—regions characterized by
urban populations, reliance on surface water delivered by aque-
ducts, and large community water systems with complex distribu-
tion networks. The attenuated ORs in these regions may reflect
exposure misclassification biasing estimates toward the null.

This study has several notable strengths. We used a linked
data set of birth certificate and hospital discharge records for over
6 million births, representing 98% of births in California during
the study period, to identify a sample of over 1 million consecu-
tive sibling births. Our sibling-matched design offers improved
causal inference compared with ecological and case—control
designs. The within-mother approach has the advantage of
largely controlling for maternal structural genetic factors, as well
as behavioral, socioeconomic, and psychosocial factors that are
assumed to be more stable across pregnancies than between sub-
jects. Similar designs have previously been applied to family
cohort studies and epidemiologic analysis (Shachar et al. 2016;
Lindstrom et al. 2011; Laugesen et al. 2013). However, to our
knowledge, only one prior study has applied a sibling design to
evaluate the reproductive health impacts of drinking water con-
tamination (Currie et al. 2013). Somewhat surprisingly, the
individual-level analysis among all births and first-parity births
yielded similar results to the within-mother approach, though
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with smaller estimates of the association between high nitrate ex-
posure and early preterm birth.

This study is also among the first population-based assess-
ments of tap water nitrate concentrations among pregnant
women. Balazs et al. (2011) used a similar methodology to esti-
mate nitrate in tap water throughout California’s San Joaquin
Valley from 1999 to 2001. The authors found that 0.2% of resi-
dents were potentially exposed to nitrate in tap water above the
regulatory limit (10 mg/L) and that Hispanic residents were
more likely to have elevated tap water concentrations. We found
that exposure to nitrate above the regulatory limit was higher
among pregnant women from 1999-2011, with 0.6% exposed in
the study population and 1.1% exposed in the San Joaquin
Valley, though our definition of the San Joaquin Valley excludes
Stanislaus and San Joaquin counties. However, we observed sim-
ilar social disparities in exposure: there was a higher percentage
of Hispanic mothers among those with high nitrate exposure dur-
ing pregnancy relative to low exposure.

This study also has limitations. The vital statistics data do not
include information on maternal smoking and body mass index,
which are known risk factors for preterm birth. However, these
covariates are unlikely to be associated with changes in nitrate
exposure between sibling births, making them unlikely confound-
ers in the sibling analysis. Though the timing of exposure to ni-
trate during gestation likely has biological importance, we were
not able to evaluate exposure during different periods of preg-
nancy owing to infrequent nitrate monitoring in many water sys-
tems. We were also unable to investigate the potential influence
of live birth bias (bias introduced by conditioning on live births)
because of lack of data on spontaneous abortion and stillbirth in
the study population. This source of bias is expected to lead to
inverse or attenuated ORs for high levels of exposure (Raz et al.
2018). Bias may also be introduced because of the overrepresen-
tation of longer gestational ages at the beginning of the study and
shorter gestational ages at the end of the study. However, we
expect the long study period to mitigate this bias: only 3% of
births were conceived more than 20 wk before the start of the
study period or less than 41 wk before the end of the study
period.

Our analysis does not consider other environmental coexposures,
including other contaminants in drinking water. Contaminants that
have been found to co-occur with nitrate in public water sources
include pesticides, volatile organic compounds (VOCs), and perchlo-
rate (Squillace et al. 2002; Kimbrough and Parekh 2007). Few studies
have explored the links between exposure to these contaminants and
risk of preterm birth, with mixed results (Larsen et al. 2017; Shaw
et al. 2018b; Ferguson et al. 2013; Rubin et al. 2017); even fewer have
focused on exposures in combination or through drinking water
(Stayner et al. 2017). Nevertheless, it is possible that exposure to co-
occurring contaminants or their interactions could contribute to the
observed elevated odds of preterm birth.

The greatest threat to inference in this study is potential mis-
classification in exposure assessment. We linked births to public
water systems based on the maternal address of residence at time
of birth, but we were not able to identify women who may have
moved residences earlier in pregnancy at potentially relevant ges-
tational time points. In addition, we assume that water system
service areas were accurately mapped and static over time, likely
introducing error in exposure assignment. Although some private
well users may have been inaccurately assigned to water systems,
most were excluded from the analysis. Private wells are often
shallower than public supply wells and therefore more vulnerable
to contamination by nitrate and other contaminants (Burow et al.
2010). Thus, the percentage of the population with high exposure
is likely underestimated in the study.
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Our estimates of tap water nitrate concentrations stem from
monitoring records from public water systems, rather than from
direct measurements. Although imperfect, water monitoring
records have been widely used for exposure assessment (Brender
et al. 2013; Nuckols et al. 2011; Villanueva et al. 2014). In a vali-
dation study in Washington State, Searles Nielsen et al. (2010)
found correlation between water quality monitoring records and
tap water nitrate levels (R? of 0.3-0.5). The authors suggest that
studies reliant on public records incur largely nondifferential
measurement error. Schullehner et al. (2017) found a high corre-
lation (R?>=0.98) and nearly equivalent nitrate concentrations in
samples collected from water supply systems and consumer taps
in a nationwide study in Denmark from 2007 to 2016.

Nonetheless, water monitoring records in California have limi-
tations that could introduce error or bias in our estimates.
Underreporting may lead to missing data for some water sources.
The historical statuses of sources were not available, so sources
that were inactive or treated may be improperly included in the ex-
posure assessment. Historical flow paths were also unavailable, so
we relied on current water system flow paths to identify point-of-
entry sources. We lack data on the flow contribution from each
water source and therefore assume that all point-of-entry sources
contribute equally to the distribution system. This assumption risks
overestimating nitrate concentrations in water systems that down-
regulated contaminated sources or where some sources (for exam-
ple, purchased water) account for a large proportion of supply.

If high exposure is misclassified as medium, we risk positive
bias in the ORs for medium exposure (Correa-Villasefior et al.
1995). However, misclassification of medium or high exposure to
the low category (or vice versa) would bias estimates for medium
and high ORs toward the null. The analyses using categorical ex-
posure metrics also assume no effect in the low exposure category.
Indeed, some prior studies suggest that nitrate concentrations
below 5 mg/L may be associated with preterm birth. To address
these issues and avoid bias introduced by exposure categorization,
we performed secondary analyses using a continuous exposure
metric. These analyses also identified elevated ORs for early and
near-term preterm birth associated with nitrate exposure.

Our exposure metric was nitrate concentrations in tap water.
Although water treatment and consumption clearly affect exposure
to nitrate in the study population, we were not able to measure
these behaviors. We do not expect household treatment to be an
important source of misclassification, as only sophisticated point-
of-entry and point-of-use treatment systems using ion-exchange
and reverse osmosis technologies remove nitrate from tap water
(Lykins et al. 2018). However, water consumption among preg-
nant women likely varied widely, including by demographic and
socioeconomic factors (such as race and education) that are inde-
pendently associated with preterm birth (Drewnowski et al. 2013).
The sibling design alleviates some of the confounding variability
introduced by this data gap, as we assume that consumption will
have greater between- than within-mother variation.

Even so, there may be a negative correlation between nitrate
concentrations and water consumption. Water systems that
receive official nitrate violations are required to notify customers,
who may then avoid drinking tap water (Zivin et al. 2011). In this
case, we would expect the estimated health risks of nitrate expo-
sure above regulatory limits to be biased toward the null.
However, this is an infrequent occurrence: only around 0.5% of
births were assigned to a public water system with an active ni-
trate violation during the period of gestation.

The within-mother study design has potential drawbacks. The
design reduces bias from confounding factors that are constant
between pregnancies but can amplify bias by potential confound-
ers that vary between pregnancies (Frisell et al. 2012). The
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sample is restricted to consecutive sibling births, and model esti-
mates using categorical exposure metrics are drawn only from
sibling sets with discordant exposure, resulting in sample size
limitations for certain analyses, including stratifications and esti-
mates for the rarest exposure and outcome categories. The selec-
tion of consecutive siblings also is potentially introducing
selection bias that could reduce the external validity of the
results. However, we intentionally target the high degree of inter-
nal validity achieved through the within-mother design. We
believe this is appropriate given the conflicting findings from
prior studies and lack of established connection between nitrate
and preterm birth, despite biological plausibility. To complement
the results of the within-mother analysis, we also present the find-
ings of an individual-level analysis among over 4 million births.
This design mitigates bias from maternal age and parity and pri-
oritizes generalizability. Although some selection bias may be
introduced by excluding births outside the boundaries of commu-
nity water systems and without successful exposure assessment,
this sample represents 88% of the study population and a majority
of births in California during the study period. One of the more
unexpected findings of these analyses was the robust association
between medium nitrate concentrations (5 to <10 mg/L, relative
to <5 mg/L) and elevated risk of early preterm and near-term
birth. In contrast, high nitrate concentrations were associated
only with early preterm birth (gestational length, 20-31 wk). This
may be due in part to the scarcity of high nitrate exposures (pres-
ent in 0.6% of the study population) and spontaneous preterm
birth, leading to limited statistical power and larger Cls.

This research has potential implications for nitrate manage-
ment and drinking water policy. The medium nitrate exposure
category represents concentrations below the federal regulatory
limit of 10 mg/L (as nitrogen) in drinking water. Given the
potential for exposure misclassification discussed above, the ex-
posure categories assigned will not always represent true nitrate
concentrations in tap water, and cutoffs should be interpreted
with care. Nonetheless, the findings suggest that future research
should continue to probe associations between low-level nitrate
exposure and reproductive health outcomes, including preterm
birth.

In conclusion, we observed a robust association between ni-
trate concentrations in tap water and risk of spontaneous preterm
birth at 20-31 wk in within-mother analyses. The study also iden-
tified modestly increased odds of spontaneous preterm birth at all
gestational lengths with nitrate concentrations of 5 to <10 mg/L
(relative to <5 mg/L)—below the federal regulatory limit. If
future studies confirm the association between nitrate exposure
below 10 mg/L and preterm births, the nitrate standard for drink-
ing water may need to be reevaluated.
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